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ABSTRACT 
The surface topology of electrodeposited gold films as 
detern1ined by scanning electron microscopy, surface replications, 
and linear profile measurements and mechanical properties as 
.I 
·' 
.J 
I 
I 
i 
., .. 
J·. 
deter1ni11ed by tensile tests, were related to the effectiveness of 
compliant bonding between gold electrodeposits. The temperature of 
the electroplating varied between 48 and 72°c, plating current 
densities were maintained at either 25 or 40 ma/in2 , and iron in 
molar concentrations from Oto 2o55 X 10-3 was added to the plating 
bath. 
Bond strengths increased with decreasing 0.2% offset yield 
strength and with increasing surface roughness. In the absence 
of iron additions to the bath, higher plating temperature produced 
rougher surfaces and lower yield strength. With iron in the bath, 
surface roughness decreases with increasing iron content, but no 
systematic changes in yield strength are noted. A [111] fiber 
texture was observed in the electrodeposited film and it did not 
vary over the range of experimental plating conditions . 
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2. 
lo INTRODUCTION 
A. Technological Significance 
A recent innovation in the field of microelectronics is the 
formation of circuit element connections by electrodeposition of 
1,2 gold beam leads 
• Photolithographic techniques are used to define 
the deJ)osi tion patterns, and many beam leads are electrodeposited 
simul ta11eously on a number of wafers. The wafers are then etched 
to remove selected areas of the semiconductor material, resulting 
in an active circuit element having numerous gold beam leads extend-
ing from it in a cantilever fashion. This circuit element is then 
connected to a gold plated land of a thin film circuit substrate by 
solid state bonding under appropriate conditions of time, tempera-
ture and pressure. 
B. Literature Review 
Solid state bonding betwe~~ metals has been examined by a number 3-8 of investigators 
• Generally, solid state bonding has been 
analyzed in light of the need to bring atomically clean surfaces 
into contact through the action of interface shearing7 • Little 
consideration has been given to the influence of crystallographic 
orientation upon solid state bonding. 
4 7 Anderson' was the first to discuss in detail the role of shear 
strains in the formation of a solid state bond. He extended the 
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"adhesion theory of friction'' advocated by the Cambridge School, 
postulating that interfacial tangential shears effective1y strip 
surface barriers and permit the underlying surfaces to come into 
atomically close contact. 
Sikorski3 studied the relationship between friction and adhesion 
and showed that high friction generally correlates with high adhes-
ion. He suggested that there might be a relationship between hard-
ness and coefficients of friction and adhesion, and indicated that 
increased hardness would tend to be accompanied by higher coeffic-
ients of friction and adhesion. Good ductility, high work hardening 
coefficients, extended solid solubility of metals, and low recrystal-
lization temperature are factors Which would favorably affect 
. 
seizure. 
5 
Nicholas did an extensive study of factors affecting the join-
ing of copper surfaces and concluded that the prime requirement for 
bonding was sufficient plastic flow to allow dispersion of surface 
films. Milner and Rowe 8 reported that coefficients of friction of 
copper surfaces parallel to the (100) was 56 whi1e that parallel 
to (110) was 114. Although adhesion experiments were not performed 
it was assumed that a similar dependence would be observed. 
Borzorth11 reported in 1924 that prefe;red crystalli~e orienta-
tion was observed in various electrodeposited metals. Numerous 
10,12,14 other authors have subsequently reported similar observat-
,· 
• 
• . ,.
' . 
· .... 
:; 
,· QI, >.• 
• 
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r j 
4. 
ions with a number of metals. Finch and Williams examined electro-
deposited nicke112 films as a function of current'.density and 
strer1gth of plating solution, observing varying degrees of (100) and 
14 (110) orientations. They also observed, as did Finch and Sun , 
that the substrate influenced the crystallography of the initial 
layers of the deposit, the extent of its effect being dependent upon 
the nature of the substrate. For thick layers the deposit crystal!-
ography is a function of the plating conditions. 
Pangarov10 reported in 1963 that the crystal orientation of 
electrodeposited metals depends to a large degree on the overvoltage 
during deposition and derived expressions relating the work of 
formation of a specific (h k 1) plane to the overvoltage. He 
obtained good correlation between prediction and observation in the 
15 cases of cobalt, iron, nickel, copper, and tin. Wylie found an 
orderly variation of residual stress, hardness, ductility, and 
crystallographic orientation in deposits of chromium as a function 
of bath temperature. 
C. The Purpose of this Investigation 
The purpose of this investigation is to study the changes in 
metallurgical characteristics introduced by varying electrodeposit-
ion parameters and by varying the composition of the electrolyteo • 
In addition, variations in the plating process and of the electro-
deposit are to be correlated with the results of solid state 
bonding experiments. In particular, the bath temperature and the 
f; 
'• 
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• 
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plating current density will be varied and controlled additions of 
iron will be made to the plating bath. 
II. EXPERIMENTAL DESIGN 
The gold plating solution selected for this experiment was 
16 invented by R. A. Ehrhardt 
• It is presently used in industry in 
the deposition of beam leads upon integrated circuit wafers. Iron 
was chosen as an impurity and was added as ferrous ammonium sulfate 
to the electrolyte. Iron is a typical industrial contaminant and 
its presence would tend to harden the gold through solid solution 
strengtl1e11ing. The plating parameters Which were varied were the 
temperature of the electrolyte and the current density during 
electrodeposition. A complete listing of the experimental conditions 
is show11 in Table I . The preparation of the electrodeposi tion 
substrates are described in Appendix III. 
III. EXPERIMENTAL PROCEDURE 
Four gold plating solutions were prepared as described in 
.. 
'• 
Appendix I and gold was electrodeposited upon the substrates ~o a 
thickness of approximately 12 microns according to the conditions 
stated in Table I. The means of control of the plating parameters 
such as temperature, agitation, ph, and current density are 
described in Appendix II, Experimental Equipment. The metallurgical 
characteristics Which were examined are presented in Table II . 
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6. 
The solid state bonding characteristics were investigated using 
the compliant bonding procedure described in Appendix V. Samples 
from each of the experimental conditions were bonded at seven 
temperatures, 160°C, 1so0 c, 190°c, 200°c, 220°c, 24o0 c, and 26o0 c and 
J 
pull tested. 
IV. EXPERIMENTAL RESULTS 
A. Surface Topography 
The nature of the electrodeposited surface was determined With 
a prolifometer, by electronmicroscopy of surface replicas, and 
with a scanning electron microscope. Each technique contributed 
' different but meaningful results concerning the surface topology. 
The surfaces of the gold electrodeposits from each of the ten 
experime11ts listed in Table I are shown in the scanning electron 
micrographs of Figures 1-10. As a comparison, electromicrographs 
of the surface replicas for the extremes of surface topology are 
shown in Figures 11-15. The prolifometer results are compared 
in Figures 16 and 17. Figure 16 represents the data from eXperi-
ments 1-6, in which the variable were temperature and current 
density as listed in Table I. Figure 17 represents the data from 
experiments 2-5, 7-10, in which current density and iron concent-
ration in the electrolyte were the variables. 
B. Fiber Texture 
A typical wide film cylindrical camera diffraction pattern 
of a gold deposit is shown in Figure 18. The arcs on the Debye 
J 
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21, 22 rings indicate a fiber texture is present. Analysis shows 
that the texture may be represented as having a [111] direction 
perpendicular to the plane of the deposit. The fiber texture was 
fou11d not altered by the experimental variations imposed by this 
investigation. 
C. ~lecl1ar1ical Properties 
Table IV presents the ultimate strength, ductility, and 0.2% 
offset yield strength measured for each of ten plating conditions, 
and test sample preparation of which is described in Appendix 
IV. An increase in the temperature of the plating bath results in 
a decrease in the 0.2% offset yield strength, and higher current 
density results in increased total elongation. 
D. Compositional Analysis of the Electrodeposits 
The result of the atomic absorption analysis for iron was 
presented in Table V. Generally, the relative percent of iron 
deposited was at least two orders of magnitude below the relative 
percent iron in the plating bath. Similar results have been 
24 
reported by Komitani 
• 
E. Metallurgical Structure 
1. Electrodeposition Substrate 
The transmission electronmicrograph and the diffraction 
pattern of a thin platinum film removed from a substrate 
are shown in Figures 19 and 20, respectively. Exam-
ination of these figures reveals two important facts: 
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(1) The platinum forms small equiaxed grains approximat-
o 
ely 200 A across and (2) There is no evidence of preferred 
orientation. Hence, it is evident when considering the 
scanning electron microscope pictures that the surface 
characteristics of the electrodeposited gold layer are 
determined by the plating parameters and/or the presence 
of the iron salt . 
2. Electrodeposit Layer 
Examination of the electrodeposited gold film 
removed from a deposit formed from the pure gold plating 
bath revealed fine equiaxed grains approximately 0.5 
microns across. The appearance of Kikuchi lines in the 
diffraction pattern indicated that the grains were quite 
perfect and contained a relatively low dislocation 
density. 
F. Solid State Bonding Experiments 
This experiment was especially designed to evaluate the solid 
state bonding characteristics for each of the ten test conditions. 
O O O O 0 Samples from each were bonded at 160 C, 180 C, 190 C, 200 C, 220 C, 
0 0 240 C, and 260 C. Then each bond was tested at room temperature 
0 using the 90 pull test as described in Appendix II. The results 
are shown in Table VI. 
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Reliable, semiquantitative comparisons of bond strengths c.c:i.n, .pe 
made for bonds formed at 200°c. Graphs of the 90° pull test 
stre11gtl1s versus bonding temperature are shown in Figures 21-30. 
In eacl1 case the data showed a linear relationship between pull 
stre11gtl1 and bondi11g temperature. The dashed portions of the curves 
• reflect the transistion from bond interface failures to wire failures 
as the temperature increases. The pull strength data for all 
: 
' j temperatures is presented in Table VI. The bondability parameter, 
' i i.e. 90° pull strength for bonds made at 200°c, was read from 
Figures 21-30. 
V. DISCUSSION OF EXPERIMENTAL RESULTS 
Experimental test samples 1-6 were all obtained from the 
plating solution which had not been doped with the iron salt. The 
parameters varied were the temperature of the plating bath and the 
plating current density (See Table I). Ranking of the surface 
texture, as revealed by tl:E scanning electron microscope for test 
conditions 1-6, shows a correlation between surface topology and 
the 90° pull test strength for 200°c bonds. This result is plotted 
in Figure 31. Correlation between Oo2% yield strength and the 
200°C-90° pull t t th 1 b d es streng was a so o serve: a decrease in the 
0. 2'10 J)Ul 1 test strength yielded higher 200°c-9o0 pull test strength 
0 for 200 C bonds (See Figure 32) . 
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Each of these results correlates with the model proposed for 
solid state bonding. Coarser surfaces and lower 0.2% offset yield 
strengtl1 both would tend to enhance the stripping of surf ace 
barriers allowing underlying surfaces to come into atomically close 
contact through the action of interfacial tangential shearso 
For experiments 2,5 and 7-10, the temperature was held constant 
but the percent of iron in the bath was varied. Experiments 9 and 
10/2 and 5, were different only in current density. Plotted in 
Figures 33 are the results of experiments 2,5 and 7-10 showing bond-
o 0 
ability (90 pull strength at 200 C) versus surface texture. Here 
again this parameter correlated strongly with bondability. The 
variation of the surface topology as a function of iron content in 
the plating bath was not monatomic. The plating bath containing 
the highest iron content when operated at low current densities 
produced a coarser surface than the baths with intermediate iron 
content. There was, however, a strong effect upon the surface 
topology for the highest iron content bath when the current density 
was varied: high current density during electrodeposition 
produced a much finer textured surface than did the low current 
density. A dissimilar result, due to current density variation, 
was noted using the low bath temperature and the pure gold bath, i.e. 
low current density during electrodeposition produced a smooth 
surf ace. 
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VI. CONCLUSIONS 
1. The surface texture of the electrodeposited laYer of gold 
is affected by the temperature of the plating bath, plating current 
density, and the addition of ferrous anunonium sulfate to the plating 
bath. 
A. The surface topology becomes coarser as the temperature 
of the bath is raised. 
B. At the low bath temperature, hig~er current density produced 
a coarser surface. 
C. With highest iron content in the plating bath, higher current 
density gave a finer surface texture. 
2. The 0.2% offset yield strength decreases With increasing bath 
temperature for the pure gold bath. 
3. Higher current density increases the ductility of electro-
deposited gold layers. 
4. The electrodeposited gold films exhibited a fiber texture. A 
[11:i]direction was perpendicular to the plane of the substrate and 
the texture was not altered by the variation of the experimental 
conditions . 
5. The addition of iron to the plating bath affected the topology 
of the electrodeposited layer not through codeposition, but 
apparently by a secondary, effect on the plating process itself. 
6. The bondability of the experimental test samples was directly 
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' 
correlated with surface texture, i.e. coarser surfaces produced 
better bonding. 
7. The bondability of the experimental test samples made with 
the pure gold plating bath was directly correlated to the 0.2% 
offset yield strength, i.e. a decrease in yield strength improved 
the bondability. 
8. The characteristics of thick gold electrodeposits are a function 
of plating parameters and/or the presence of ferrous ammonium 
sulfate in the plating batho 
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APPENDIX I 
Preparation of Plating Baths· 
r 
All chemicals used met A.C.S. specifications and were dissolved 
in double distilled dionired water. The constituents of each bath 
are listed in Table III. The weighing of the salts was performed 
on a 4-place Gram-atic single pan scale. When not in use the 
plating solutions were stored in polyethlene bottles. 
The pH of the solution was adjusted as necessary by adding 
dibasic ammonium c~trate to raise the pH and ammonium hydroxide to 
lower it. The quantity of solution-made (1500 cc) was such that 
the molarity of gold was reduced less. 10% of its original level, 
during the experimentation • 
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APPENDIX II 
Experimental Equipment, 
Electrodeposition Facilities 
A. A Harrison Laboratories Model 855B was used as a constant 
current source. 
B. The current was monitored continuously with a Weston D.C. 
Ammeter Model 931. 
C. The pH of the solution was measured with a Coleman Metrion 
IV Model 28C pH meter. 
D. The plating solution was contained .in a pyrex jar 6" high 
X "5-3/4" diameter. 
E. The solution was stirred and heated using Thermoline 
Thermostir Model B hot plate. 
F. The temperature of the plating bath was monitored by a 
standard mercury laboratory thermometer. 
G. The electrodeposition substrates (See Appendix III) were 
supported by spring steel clips, which had been coated with Vikem 
Spray. Gold wire, .010" in diameter, was threaded over the end of 
the clip so that only gold wire was in contact with the plating 
solution. 
H. The anode to cathode area was approximately 1:1, so that 
a uniformly thick layer of electrodeposited gold could be achieved. 
The anode to cathode spacing was approximately ll inches. The 
anode was made from platinum plated titanium exp¥1ded screen. 
:;\ 
, 
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15. 
Mechanical Testing Facilities 
Tensile testing was performed on an Instron Model T.M. The 
solid state bonding was performed compliantly20 , as described in 
Appendix V, with a prototype mechanical bonder designed by F. J. 
Jan11ett17 , the operation of which had been characterized by J. R. 
18 Steel . The bond strength was tested using a 90° pull test 
19 facility designed by V. F. Ferrara . 
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APPENDIX III 
Electrodeposition Substrates 
The electrodeposition substrates were supplied by the 
Allentown Works of the Western Electric, They were made from single 
crystal silicon wafers grown in the [111] direction. The slices 
received were approximately 1-1/8 in diameter and one side of each 
0 was polished to a mirror finish. A layer of ti-tanium 800A thick 
was sputtered directly upon the mirror polished surface. Than a 
0 
1500A layer of platinum was sputtered on the titanium surface. The 
purpose of the titanium was to provide good adherence to the silicon. 
The platinum served as a stable, non-oxidizing surface upon which a 
uniform layer of gold would be electrodeposited. 
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APPENDIX IV 
Preparation of Mechanical Testing 'Samples 
The samples for tensile testing and thermocompression bonding 
studies were obtained by diamond scribing the silicon wafers on 
the unplated side, and breaking along the scribe lines. At this 
point, the continuity of the electrodeposited layer of gold was 
0 still maintained. However, several 180 bends allowed separation 
of the scribed sections by causing the gold to fail along the scribe 
lines. . 
. '' 
The tensile test specimens were broken into pieces 0.030 
" wide and O .500 long. The compliant bondi·rtg samples were broken 
into samples 0.010" wide and approximately 0.300" long. These 
strips were then etched in a 1:1 concentrated hydroflouric acid; 
... 
concentrated nitric acid mixture and then rinsed in deionized water 
and dried. The compliant bonding samples were then cut into pieces 
" 
approximately 0.070 long using surgical scissors. Each compliant 
bonding strip was long enough to allow testing of the bond from 
either end. 
The compliant bonding substrate was made of high density 
ceramic 5/8 inches long by 5/16 inches wide. By means of evapor-
ation of titanium and then gold, a strip .030" wide and 5/8 inches 
long was formed in the middle of the ceramic. The thickness of 
the stripe was increased to approximately 15 microns by electro-
plating gold. The compliant bonding substrates were supplied by 
the Western Electric Company, Allentown Works. 
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APPENDIX V 
Compliant Bonding 
. ....... 
Compliant bonding is a technique for creating a solid state 
bond between two gold members. A compliant member, in the form 
of a sheet several times thicker than the gold members to be joined, 
is placed over the gold members. Then, pressure and heat is 
applied to the system through a heated ram. Pressure applied to 
the members to be joined is independent of the force applied through 
the ram. Rather, the pressure experienced by members is related to 
the yield strength of the compliant member since at this pressure 
the compliant members flow plastically. Thus, the bonding pressure, 
is only a function of the temperature used during the bonding exper-
iments. Furthermore the deformation of the members to be bonded 
is similarly controlled. Hence, two critical bonding parameters, 
applied pressure and deformation, are uniquely controlled by the 
metallurgical characteristics of the compliant membero The 
compliant medium used during these experiments was made with 2024-0 
aluminum. The experimental set up for compliant bonding is shown 
in Figure 34. 
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, APPENDIX VII 
Preparation of Thin Films 
1. Electrodeposition Substrate 
A thin film of the platinum was made using the floatation 
technique. A sample of the electrodeposition substrate (See 
Appendix III) was first floated on a mixture of 1:1 concentrated 
hydroflouric acid: concentrated nitric acid until all the silicon 
was removed. Then it was floated on a mixture 100 c.co concentrated 
sulfric acid and 100 c.c. water to which was added 6 drops of 
0 concentrated hydroflouric acid to remove the 800A layer of titanium. 
Finally, the film was floated on a heated (so0 c) bath of aqua regia 
until the film was partially transparent. 
2. Electrodeposited Layer 
A thin film was removed from the electrodeposited layer by 
using a combination of electro-polishing and the floatation 
technique. The surface of the gold was electropolished23 • Approx-
, 
imately 5 microns of material was removed during this process. Then 
the wafer was mounted polished side down on a clear polished sapp-
hire disc. The center portion of the wafer was bonded with crystal 
bond, an optically clear wax type substanceo The outer portion of 
the slice was bonded with apiezon wax, because of its superior 
resistance to chemical attack. Then the mounted wafer was etched 
in an 1:1 mixture of cbncentrated hydroflouric acid and 
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concentrated nitric acid to remove the silicon. The titanium layer 
was removed with a mixture of 1:1 water and concentrated sulfuric 
acid. Six drops of concentrated hydroflouric acid were added for 
each 100 c.c. of mixture. The platinum layer was removed by hand 
lapping with Linde B (.05 microns) and a polishing cloth. The 
0 gold film was electropolished to a thickness of approximately lOOOA. 
The film was then demounted from the sapphire disc using trichloro-
ethylene to remove the apeizon wax and acetone to remove the crystal 
bond. The films were then rinsed in deionized water. Finally, 
the film was floated on a 4:1:4 mixture of concentrated nitric acid, 
concentrated hydrochloric acid, and water for the final thinning, 
r Q 
Which resulted in a film approximately 5000A thick. The thickness 
was determined by comparison with evaporated films of comparable 
thickness . 
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TABLE I 
Experimental Conditions for Electrodeposition 
Experiment No. Plating Bath No. Moles of Fe (gms/1) 
,. 
-.~ ... t:1: 
1 1 0 
2 
3 
4 
·5 ... 
6: 
7 
:-a: 
.9 
:10 
1 
.. 1. 
l 
_.1 
1. 
2'. 
3· . . 
:4 
:4 
' 
3 • 
1 • 
2 • 
0. 
·-o,.·_. 
.. 
0 
.0 
0 
4xlo-5 
08xl0-4 
55xl0-3 
. . . ·· .. ·· -3 
-2,, 55xlO · 
. ' ....... , : ,,~ 
. ··.:· l 
. . 
' 
. . 
-
~~d~~~w~~---~--~-~a~~-•~-= ·---0=·=~~~-
Current Density (ma/in2 ) Temperature ( 0 c) 
25 48 
25 
25 
40 
40 
:4,o:· 
25· 
2'.5. 
.2t5· 
40 
., 
60 
72 
48 
60 
72 
·6(} 
.60 
6··o 
60 
f\) 
~ 
\/·-~ 
'<'· • 
,._, 
I 
Test 
Surface Characteristics 
Fibre Texture 
Tensile Test 
Composition·al Analysis o·f ·D~-p.os:it. 
Metallurgical :$truc.tur.e 
:s.olid State Bortdi-ng 
... 
··; ,•. 
. . 
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TABLE II 
Analytical Procedures 
Means of Analysis 
Tal 1 rsl'1··f J ' L ·- -·· 
Surface Replication 
1. 
2. 
3. Scanni11g Electronmicroscope 
1. Wide film cylindrical x-ray 
camera 
I. Stress-strain data using 
Instron 
1. Ele.ct::tbni-i:o:roscopy 
1. Special De:s·::i..gn 
.. 
2. 
Remarks 
Electron.microscopy 
examination of platinum 
shadowed carbon replicas 
Technique developed by 
M. R. J. Wylie (21) 
All data normalized to 
f\) 
f\) 
a cross sectional area 
of 0.0005"x0.030". See 
Appendix IV for prepar-
ation of mechanical 
testing samples. 
Instrumentation 
Laboratories Atomic 
Absorption - Model 153 
See Appendix XI for pre-
paration -of thin foils 
See Sectibh lV F 
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Solution 
·• 
1 
2: ·. 
:3 
.4. 
• 
KAu(CN) 2 
Potassi wn Gold 
Cya11ide 
Iv1olari ty 
Gms ( G111:s /Mole l 
18.67 6.5 X 10-2 
18.67 6.5 X 10-2 
18.67 6.5 .X 10-2 
18.67 ·6 .• 5 :x 10-2 
, ......... , .. 
TABLE III 
Plating Bath Composition 
(NH)) 2HC6H5o7 
Dibas1c Ammonium 
Gms 
55 
5··5 
5· .. 5 
·5·5 
Citrate 
Molarity 
(GmsiMole) 
-1 2.43 X 10 
2.43 X 10·-l 
2. 43. x• 1-0-1 
8.,.:43 X 10 .... l 
Fe(NJ-I4 )2(804 )2 
Ferrous f1111n1oni um 
Sulfate 
Gms 
0 
2J) -:,c 1 o-3 
6 6.· . -3 
. 2. ·. X 10 
·1·· ·• .·o· :g.·· . · ·· 1 O· -3. 
. X .· .. 
Molarity 
( Gros /J'.1o 1 e ) 
0 
3.4 X lQ-5:-
1, 08 X 10-4 
2,55 .X 10-3 
Ratio of 
Iron 
to Gold 
0 
5 .22 X 10-4 
1.66 X 10-3 
3 -.:9:3 X 10-2 
(\) 
w 
...,c-
- - - ----=---- -.,,,--=----=--=--~-= --~~-- ---
Experimental 
Condition No. ( 2) 
1 
2 
3 
4 
5 
'6 . . . 
7· 
·B-: .. 
10 . 
. .... ,. 
n 
-
7 
6 
6 
7 
5: 
'·7 ;.:: 
:6: 
. ' 
·7 
6·: 
7 
. 
.. 
TABLE IV 
Tensile Test Resultsl 
Ultimate Strength 
(PSl x 10-3) 
35.7 
34.2 
33.8 
43.3 
34 • 9 
36 .. 1 
.29:.;51 
2:7 .•. 5. 
3·7··_·' .. ··3•···: 
. . . •·. . 
Total Strain (1* X 100%) 
4.70 
3.25 
5 .48 
6.10 
4 • 4o 
6.;85 
3. 33 
2 .• 49 
2 .. :,-.9·5 
.6.:3_2 
"· 
'· 
.. 
0.2% offset 
Yield Strength 
PSl x 10-3 
30.4 
32 .o. 
27-.6 
34.5 
31 • 5 
28 • 7 
26 •:6 
2-:5.,-5, 
_34:.~.9· 
3-1,7 
l_ Each value ±s·: em av.era:ge bas:ed on n samples 
:(2} Refer to Tab.le I: 
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TABLE V 
Compositional Analysis 
Molar ratio of Fe/Au 
Experiment No. Slice No. 
Molar ratio of Fe/Au 
added to tbe plating 
solutio11(l) [gms/ J in the electrodeposit(2) [ gms / J 
1 
2 
3 
4 
5' 
,6 
'T 
:8 
9.: 
10: 
(J.'.J 
. (2) 
2-8 
2-9 
1-7 
1-12 
2-10 
2-11 
1-15 
2-14 
{I-1.8 
·- . . 
·• 
0 
0 
0 
0:: 
0 
~4 
.5.-2 X 10 
-3 1.66 X 10.-: . 
-2 3 .93 X 10 . 
. •:·· . . -·2 3 • 93: }[ 1.0.' · 
gm 
; 
gm 
-6 3.9 X 10 
-6 1 ... 4 X 10 
•. 6' -6 l:. ·.· X 10 
. -6 2.6 X 10 
. . -6 2.1 .x 10 
. .. .~6 
,1,. 3: x: I:Q 
2,9 X 10"""6 
. . -6 3 .. 6 X· l(J . : 
. . -6 
.·5·: .• 6 .x 10 
. . -6 
·9.'.2 X 10 
·This is the actual ratio of weights s·alt added. X-ray flourescent az1alys.is· indicated 
that the background of iron was approximately l x 10-5 gms of iron peir · gram of gold . 
Determination was accomplished by atomic. absorption. · 
,_ __..._ _____ , ____________ . ' - ·-· . - ----- ---- ·-
ro 
Vl. 
• 
' I : 
l 
Temperature(°C) 
160 
180 
190 
200 
220 
·240· 
2.6:0 
Bondability 
Parameter2 
1 1 
n F 
4 o 
7 3.1 
8: .. -6 9. 
:1.6 1:2. 7 
8 17:.·6 
8 26 •. ,9 
8· 31.:,3_ 
12.2 
TABLE VI 
90° Pull Test Strength 
n 
4 
2 
F 
0 
n 
4 
3 
F 
0 
8 5.7 6 8.1 
8 12.1 7 12.5 
15 18.5 16 18.6 
.8 25.4 8 30.5 
e· 3 o: •. o .8. 34 ,: o 
8 .31. 5· ::8 4o .o 
17. 5 19 .:-2: 
Experiment Test No. 
4 5 
n F n F 
4 o 4 O 
6 4.6 
8 14.4 
14, 16.-5 
8 -2.3. 7 
··8 .32.0. 
8: 3·4:,·Q. 
.. .. ... 
7 6.1 
8 12. 3 
16 17 .4 
8 27.8 
8 31.5 
:8 3:3, .• 8: 
n 
4 
6 
F 
0 
8 13.8 
7 16.0 
16 19.4 
8 27.8 
8 32.0 
8 36,7 
19.6 
(1) F is the a:ver.age :failure forqe :i,R gms for n samx,l~s. 
n 
4 
7 
F 
0 
6 5.2 
8 7.9 
16 14.9 
7 20.4 
8 27.7 
8 32.9 
n 
4 
8 
F 
0 
4 1.5 
6 6.o 
15 11.3 
8 l7.·2 
8 2-3.·3 
8 30 
.10.1 
9 
n F 
4 0 
4 o.6 
6 6.5 
16 13.5 
8 22.1 
8 28.0 
8 30.8 
10 
n F 
0 
0 2.2 
6 5.5 
15 9.4 
7 13.5 
7 21.0 
8 37.4 
:a·_ .. -·6 
... :··. 
(2) The bon:dabil.ity parameter was reiad frolll tne t:hart~ 21-30 ·a.s the 90° pull strengt:h @ 20.0°c, 
•-· ~ ...... -- ·- - •.. - .. . --- ·--·· - _..,_,_ ----.... •.• . •-· ~-'>. -- ..•. ,.. 
- ---~·---- ---····-···· -. --··-·---~----~-------·--· - ··----
.J' 
•• .• ·: . I . 
, ..... _._ __ .. ,.,. '"'.-~----,.~ ... ~ .... ~--~----.. ·•, ...• ,._, .... ,' ~- -· ···-·-··.·····,.-,-~. ·-·:--, . 
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FIGURE 1 If£ El£CTRON MICROGRAPH OF THE SUPfACE O A ffil] El£CTRODEPffiIT WIDE 
WITI-f A PLAT! PATH TEMPERATURE OF 48°C, A CURRENT DEJISITY Cf 25 wJnf, AND WITH I ADDITIO TO 11-fE PLATING PATH, (A) 200Jx CB) 10,000x, 
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FIGURE 2 I~ ELECTRON MICROGRAPH OF 
TH SURFACE O A ffil] El.£CTRODEPOSIT ML\DE 
WITH A PLATH'lJ PJ\1H TEMPERAllJRE OF 48°C, 
A CURRENT DrliSI1Y OF 40 tW1tf, AND WITH 
IRO ADDITIONS TO lliE PU\TI~ PATI-1. 
. . . (A) 2Cmx AND CB) 10, OO)x, 
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. · URE 3 SC.Ar ~ I t(J filCTRON MICROGRAPH OF 
' SURFACE OF A ffil.D El£CTR00EP0SIT Ml\DE 
ITH A Pl..ATif'E PATH ID1PERATURE OF fiJ°C, 
A . • D ITY OF 25 wJrt>f, AND WITH 
.. I .. ADDITIO TO lliE PlATlt{j PATIL 
. . . (A) 2tXDx AND (B) 10 ,cmx. 
! I 
! 
- : 
I 
! i 
' 
' 1 
.• I 
' 
' 
' ·I 
' ; ( 
' t· . 
, 
IG . 4 S 
TH SURFACE 
ITH A PLAT! . 
A 
30 
B 
A 
ING ELECTRON MICROGRAPH OF 
A ffiLD ELECTRODEPCEIT WIDE 
PATH IDPERATURE OF ffi°C, 
ITY Cf L() W\/1J, AND WITH 
I . ADD TIO TO TI-lE PLATif{J PATH I 
(A) 2Cmx (B) 10,COOx. , , , 
' , 
' 
i ,, 
I 
, ' 
' 
31 
i • 
B 
A 
FIGJRE 5 SCANNI~ ELECTRON ~1ICROGRAPH OF THE SURFACE OF A ffil] filCTRODffiJSIT rvwJE ITH A PLAT! PATI-1 IDlPERATURE Cf T2°C, A OJRRENT DENSilY Cf 25 tWuf·, AND WITH IR . ADDITIO\JS TO THE PLATif\6 PATH I 
. 
. . <A) 2CDJx AND CB) 10,(lX)x. 
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IGJ · 6 SCANNif\G El£CTRON MICRCXJRAPH OF 
-rn SURFACE OF A ffiLD ELECTRCIJffilSIT ~E 
. 1-rn A PLAT If\{; PA™ TFJIPERA TURE OF 72° CI 
A CURRENT DEN.SITY OF lO wJ1J., AND WiTH 
ADDITIO TO -rnE PLATING PA-rn. 
. . . (A) 20l)x (B) 10,COOx, 
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F CllRE 7 SCAtfHt«; ELECTRON MICROGRAPH OF 
A · ElECTRODERJSIT WIDE WITH A PLATHIJ 
TH · ERAlURE OF fiJ°C, A CURRENT DENSilY 
• 25 tW-1~, WITH THE ADDITION 0.05 
C O FERROUS AMv'ONILM SUlfA:rE 
. . ' 
TO 111E PLAT! PA111. (A) aJOOx AND CB) 
o,cmx .. 
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FIGURE 8 SCAI I G El.EC1RON MICROGRAPH OF 
A ffil.1) El£C1R ffiJSIT Ml\DE WITH A PlATING 
ru ·. EAATURE OF fiJ°C, A CURRENT DENSITY 
L(J l"Alrrl, AND WITH 11-IE ADDITION o.i6 
LAA PERCENT Cf FERROOS A!ffl'~ll1'1 SULFATE 
TO THE Pl.AT! BA.TH. <A) 2CXXJx, AND (B) . . . JD,cmx . ! 
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FIGURE 9 SCAr ·~If\6 El£CTRO~~ r~ICROGRAPH 
OF A tDW El£CTR0DER)SIT mDE WITH A PLATI PATH ID1PERAlURE OF 6()°C, A OJRROO DENSI1Y OF l() wJ1~, AND WITH THE ADDITI · 3,9 ml.AR PERCENT OF FERROUS . I SULFATE TO THE PLATrr~lJ • . 
- . 
. . PATH. <A) 2tIDx, AfID (B) 10,(Il)x, 
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F RE 10 · 1('6 El.ICTROi ~1ICROGRAPH 
A OOLD ELECTRODEPCE IT mDE WIT~l A 
P, T PATH · ERATURE OF ffl°C, A 
OJ DENSITY OF 40 wJuf, AND WITH 
• DI TI 3, 9 till.AR PERCENT OF FERROJS SULFATE TO THE PLATING 
. 
. . 
. TH. <A) 2CXXlx, AND <B) 10,cmx. 0 
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FIGLJRE 11 ELECTRO[~ r1 ICROGRAPH OF A SURFACE REPLICATIOf~ FR(J'1 EXPER ir'EITT 1: PLATi r~ B'\TH TEMPEPATURE WAS 48°C, CURRENT DB-JSITY WAS 25 t'iA!nf, AND 00 IRON ADDITIONS WERE E TO THE PLATI NG B'\TH. ORIGINJ\L Ml\GNIFICATIOf~ 50l)x, Pt-OTOGRAPHIC r~V\Gr IFICATIOr~ 2x. 
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F GJRE l2 filCTRO~ MICRffiRAPH OF A SURFACE REPLICATIOf~ 
FR . , EXP · I 2: PLATif'lJ PATH lE"lPERATURE WAS 00°C, 
QJ . · D .. llY Wl\S 2 Mf\/n/ AND NO IRON ADDITIONS WERE 
TO TI-IE PI.ATI PATI-1. ORIGINAL Ml\GNIFICATION :fillx, 
--·· if · ·. IC ~ G IFICATIO ~ 2x. 
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FI • RE 13 B.£CTR0 t1 ICRCXJMPH OF A SURFACE REPLICATION FR 8<PER Ir IT 7 : Pl.AT I rfJ TH TEJVPERA TURE WAS ffi ° C, CURRENT DOOITY WPS 25 MV'I , fYOL.AR PERCENT IRON ADDED TO , E PL.AT![~ PATH WJ\S 0.05. ORIGINAL mGNIFICATION 
scmx, PHOTOGRAPHI C V\~IFICATION 2x. 
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FI U 14 filCTRO~ MICROGRAPH OF A SURFACE REPLICATIOt~ FR EXPERI ·. 9: PLAT! PJ\TH ID1PEMTURE WAS ffi°C, CU · · · . DENS IlY WAS 25 r"'AI Hf-, t-UL.AR PERCOO I RON ADDED TO 1li PLATI PATH WC\S 3.9. ORIGitiAL mGNIFICATICJ-~ 
~.,.._., .... ,, . OTOGRAPH IC ~\l\ IF I CAT I ON 2x , 
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FIGURE 15 ELECTRON MICRffiRAPH OF A SURFACE REPLICATION FRcr EXPERI~18'IT 10, PLATit{; PATH IDlPERATURE WAS ffi°C, CURRENT DENSITY WAS LO t,}Af 1J, ~OLAR PERCB'IT IRON ADDED TO THE PLATitfJ PAlli W\S 3.9. ORIGINAL W\GNIFICATIOr~ 5CXXJx, PHOTOGRAPHIC f"V\Gr~IFICATia~ 2x, 
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FIGURE 16 
PROLIFOMETER RESULTS 
EXPERIMENTAL CONDITION NO I THROUGH 6 
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INCREASING SURFACE ROUGHNESS --------1-
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( ARBRITRARY RAN Kl NG) 
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EXPERIMENTAL CONDITION NO. 
(I) INCREASING SURFACE ROUGHNESS SCALE RE-
LATED TO THE SCANNING ELECTRON MICRO-
SCOPE PICTURES 
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FIGURE 17 
PROLIFOMETER RESULTS EXPERIMENTAL CONDITION NO. 2THRU5 67THRU 10 
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EXPERIMENTAL: CONDITION N<I>. 
2 
(I) INCREASING SURFACE ROUGHNESS SCALE RE-
• LATED TO THE SCANNING ELECTRON MICRO-SCOPE PICTURES 
.... ii 
t 
i 
I . 
I 
I I . 
l . 
i 
I 
: 
1 
' 
' 
·, 
.. 
i i ;\·: 
I / 
- I \ 
,; 
. 1' 
i . 
I • 
I 
'· 
. .... 
• r 
I 
.. ! . ! 
,, 
' 
' 
' 
·, 
., 
! 
l. 
' . 
I i 
·1 
., 
;\ 
( 
I 
' 
' 
I 
I ~-
,j 
II 
'{ 
. ~ l 
:( 
.. l 
i • ! 
-l 
\ ! ! 
' 
I ·i 
'1 
I 
i ' 
., 
I j 
. ! 
' 
I 
l 
I 
I 
! ; 
! 
I 
. I 
! 
• I 
i 
\ 
! 
\· . ,. 
f . ..,. 
I . J i . ' 'f i . . . 
l -'1 
i :\. 
I . J I . \ 
. . ! \. 
l . ' I . . . . 
I 
I ·' i 
I • 
1 r ,; 
I . 
I 
I 
l 
I 
. i . ·' 
1 · . -; 
I . ! ) ·,. 
; i 
..•. j - i . 
. ' : ·. ·, l . 
. 'i . 1· 
. : . . . 
i 
I . 
. I . 
I • 
I 
I I . 
I 
' 
't 
i -
·. \ 
j ; 
.. 
44 
' . 
. . 
- - . . ... 
Fl RE 18 lYPICAL WIDE FILM CYLINDRICAL CAfvERA 
DIFFMCTI · PATTERf , THE HEAW DAR~ING f3 DUE 
TO D RECT TRANSMISSI THRaJGH lHE SAM=>L.E, I 
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FlttJRE 19 TRANS1ISSION ELECTROr~ 
MICRCXJRAPH OF PLATINLM 50,(XX)x. 
FI9JRE 20 El£ClROrf'1ICROSCOPE 
DIFFRACTIO~ PATTER[~ (f PLATINLM 
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FIGURE 21 
90° PULL STRENGTH vs BONDING TEMPERATURE 
EXPERIMENTAL CONDITION NO. I 
BATH TEMPERATURE= 48°C 
CURRENT DENSITY = 25 ma/in2 
MOLAR PERCENT I RON ADDED TO BATH = 0°/o 
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FIGURE 22 
90° PULL STRENGTH vs BONDING TEMPERATURE 
EXP E R IM ENT A L CON D IT I ON NO. 4 ·; 
BATH TEMPER AT URE = 48 ° C 
CUR RENT DENS lTY = 40 ma/in 2 
MOLAR PERCENT I RON ADDED TO BATH= 0 % 
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FIGURE 23 
90° PULL STRENGTH vs BONDING TEMPERATURE 
EXPERIMENTAL CONDITION NO. 2 
BATH TEMPERATURE= 60PC 
CURRENT DENSITY = 25 ma/in 2 
MOLAR PERCENT IRON ADDED TO BATH = 0 °/o 
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FIGURE 24 
90° PULL STRENGTH vs BONDING TEMPERATURE 
EXPERIMENTAL co·NDITION NO. 5 
BATH TEMPERATURE= 60°C 
CURRENT DENSITY = 25 mo/in 2 
MOLAR PERCENT IRON ADDED TO BATH= 0°k 
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FIGURE 25 
90° PULL STRENGTH vs BONDING TEM-PERATURE 
EXPERIMENTAL CONDITION NO. 3 
BATH TEMPERATURE= 72°C 
CURRENT DENSITY = 25 ma/in 2 
MOLAR PERCENT IRON ADDED 
{ 
,,S 
TO, BATH = 0°/o 
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FIGURE 26 
90° PULL STRENGTH vs BONDING TEMPERATURE 
EXPERIMENTAL CONDITION NO. 6 
BATH TEMPERATURE = 72 ° C 
CURRENT DENSITY = 40 ma/in 2 
MOLAR PERCENT I RON ADDEO TO BATH = 0 °k 
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FIGURE 27 
90° PULL STRENGTH vs BONDI NG TEMPERATURE 
EXPERIMENTAL CONDITION NO. 7 
BATH TEMPERATURE= 60° C 
CURRENT DENSITY = 25 ma/in 2 
MOLAR PERCENT I RON ADDEO TO BATH= .05 % 
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FIGURE 28 
90° PULL STRENGTH vs BONDING TEMPERATURE 
EXPERIMENTAL CONDITION NO. 8 
BATH TEMPERATURE = 60 ° C 
CURRENT DENSITY = 25 ma/in 2 
MOLAR PERCENT IRON ADDED TO BATH= o.1s·0Jo· 
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FIGURE 29 
90° PULL STRENGTH vs BONDING TEMPERATURE 
EXPERIMENTAL CONDITION NO. 9 
BATH TEMPERATURE= 60°C 
CURR ENT DENSITY = 25 ma/in 2 
MOLAR PERCENT IRON ADDED TO BATH= 3.9°/o 
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, FIGURE 30b 
90° PULL STRENGTH vs BONDI NG TEMPERATURE 
EXPERIMENTAL CONDITION NO. 10 
BATH TEMPERATURE= 60°C 
CURRENT DENSITY = 25 ma/in 2 
MOLAR PERCENT IRON ADDEO TO BATH= 3.9°/o 
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FIGURE 31 
90° PULL STRENGTH AT 200°C vs BATH~ TEMPERATURE a SURFACE ROUGHNESS 
EXPERIMENTAL ~ONDITION I THROUGH 6 
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FIGURE 32 
0.2 °/o OFFSET YI ELD STRENGTH vs 90° PULL STRENGTH @ 200° C 
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90° PULL STRENGTH AT 200° C vs SURFACE ROUGHNESS 
EXPERIMENTAL CONDITION N0.2THRU5 a 7THRU 10 
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